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Abstract—The nonlinearity tolerance of several higher or- site by the beating on a photodiode of two optical carriers
der modulation schemes, which make efficient use of transmis- which are separated by the required frequency. For data trans-
sion bandwidth, such as 8-PSK, 16-QAM, and 64-QAM, has \isqion, an MZ modulator is currently used for the modulation

been assessed for millimeter-wave fiber-radio systems using a f f th tical . H MZ dulat
Mach-Zehnder (MZ) modulator for the modulation of an optical Oof one of the optical carriers. However, an modulator

carrier. Some other deteriorating factors, such as a bias-point Shows significant nonlinearity when a large modulating signal
shift in the MZ modulator and optical carrier leakage at the MZ  is applied to it to achieve efficient optical to millimeter-wave

filter, which is used for the separation of the two optical carriers, signal conversion. The system performance of a millimeter-
have also been considered. The assessment was accompllshqﬁave fiber-radio system may be impacted by this nonlinearity

through computer simulations. It is found that the effect of the . .
nonlinearity of the MZ modulator is less serious for a system and the performance degradation depends on the amplitude of

using 8-PSK than for a system using 16-QAM or 64-QAM, the modulating signal applied to the MZ modulator, the bias
and that in the latter case, an optimal drive level exists for point of the MZ modulator, the modulation scheme used in
the modulator to achieve the best system performance. A bias- the system and single-channel or multichannel operation. The
point shift, required in some deployment scenarios, degrades o4 aqe of optical carriers at the MZ filter [9], which is used
system performance significantly. A leakage of optical carrier to separate the two optical carriers, may also affect the system
to the wrong port at the MZ filter further degrades the system ) ! ;
performance, especially for systems using the 16-QAM or 64- performance. System studies should be carried out to assess
QAM modulation scheme. and compare the effects of all the deteriorating factors and to
Index Terms—Fiber-radio, millimeter-wave, modulation, MZ find thg best modulation SCheme_ for such systems.
modulation, nonlinearity. In this paper, several modulation schemes such as 8-PSK,
16-QAM, and 64-QAM, which we propose for high data-
rate applications, have been evaluated, taking into account the
effects of all the above-mentioned deteriorating factors. The
RVICE accessibility of broad-band communication undezvaluation has been carried out by system simulations using
obile conditions is emerging as a dominant featur® modeling platform we developed for millimeter-wave fiber-
for future telecommunication networks and is consequentigdio systems. Both of the received-signal eye-opening and
attracting considerable attention in the literature [1]-[3]. Fibesymbol-error rate have been presented. Of the three modulation
radio communication systems, especially those operatingsahemes, 8-PSK is found to be much less affected by the
millimeter-wave frequencies, will be attractive candidatesonlinearity of an MZ modulator than 16-QAM and 64-QAM,
for such applications [4]-[8]. Recently, the applicationand for the latter modulation schemes, an optimal drive level
of millimeter-wave fiber-radio systems have been furthdor the MZ modulator exists for best system performance. A
extended to broad-band communications to fixed termindi&s-point shift significantly degrades system performance. A
because of the many advantages they offer such as flexibiliyakage of optical carrier to the wrong ports at the MZ filter
of deployment, rapid roll-out, and cost-effectiveness. Reseaffcinther degrades system performance, especially for 16-QAM
in this area has been financed partly by the EC ACTS projectand 64-QAM. The results and the modeling platform should
For millimeter-wave fiber-radio systems, it is an appropriatgrovide a basis for assessing the performance of millimeter-
approach to generate the millimeter-wave signal at the antewave fiber-radio systems under various deteriorating affects
and for optimizing the performance of such systems.
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Fig. 1. System-deployment block diagram of a millimeter-wave fiber-radio system.
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Fig. 2. System-block diagram for assessing the nonlinearity tolerance of different modulation schemes for millimeter-wave fiber-radio systems us-
ing MZ modulators.

through the fiber-radio system is acquired through the interfasave frequency is needed; and 3) phase noise on the two
to the existing ATM network. Two optical carriers are genemptical carriers produced in this way are completely correlated.
ated by the optical millimeter-wave source and one of them Therefore, the millimeter-wave signal generated at the antenna
modulated by the data signal. A passive optical network linkste has very narrow linewidth [10]. A block diagram for such
this optical millimeter-wave source to a number of antenren optical millimeter-wave source together with the passive
units and each of them serves a number of customers.  optical network and antenna unit is shown in Fig. 2. For
For millimeter-wave fiber-radio systems, the opticatfficient use of radio transmission bandwidth, the data signal
millimeter-wave source can be realized in different ways. om the ATM network is first modulated as an m-PSK or m-
very attractive scheme is the one which uses a semicondud@®M signal [11] and then this signal is used as the drive signal
laser and an MZ modulator to produce the two optical carrief®r the second MZ modulator. As eye openings will be used
an Mz filter for the separation of them, and a second M# show system performance and, thereafter, to calculate the
modulator for modulating one of them [8]. The advantagesymbol-error rate of the system, a down conversion block, an
of this arrangement are that: 1) only one laser is needed:PSK or m-QAM demodulator block, and an eye diagram
2) by biasing the MZ modulator at the right bias point, &lock, which are all included in the rectangle drawn by a
sinusoidal drive signal of only half of the required millimeterdashed line (see Fig. 2) are added to the system-block diagram
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which represents the deployed system. The down converstbe central component at, is suppressed as are all the other
and demodulation in such a deployed system would be carrieeen terms, the optical field spectrum will be dominated by two
out at the user terminal. To simulate the system performamaemponents &7y — w and 2z + w when the modulating-
according to the above system-block diagram, system modsignal amplitude is small and, therefore, the optical field can
are constructed on a modeling platform we developed for the approximately expressed as follows:

simulation of millimeter-wave fiber-radio systems, which will

w
be explained further in a later section. Eout(t)%—Ein'Jl(ag){COS(QWOt — wt)+cos(2mot+wi)}.
(5)

inII lead to an electrical signal dkw, doubling the frequency

For an ideal balanced MZ modulator, the output optic ; - :
field and the input optical field are related by the foIIowing)f the modulating signal applied to the Mz modulator.

equation:
IV. HIGHER ORDER MODULATION

. w} (1) SCHEMES OF m-QAM AND m-PSK

Eout (t) = Em(t) + COs |: 2 Vﬂ—

whereV, is the bias voltage applied;,,(t) is the modulating
voltage applied, and’; is the voltage necessary to induge

To make efficient use of the transmission bandwidth of the
fiber-radio link, higher order modulation schemes suchnas

phase shift in one arm of the MZ modulator. To achieve tf}j1 AM or m-PSK have been proposed by us for high data-rate

. : . . : : plications. For a fiber-radio system using an-QAM or
highest linear modulating efficiency, the bias point should t7)71-PSK modulation scheme, quadrature sub-carriers are first
atV,/V. = 2k+1, wherek = 0,+1,+2, - - -. For such a case,

X : . . . modulated by the data signal from the ATM network and
using the expansion Of. a sinusoidal f.unctlon by the Tayl?ﬁen the modulated quadrature sub-carriers are used as the
series, (1) can be rewritten as TOHOWS' ‘ drive signal for the second MZ modulator to modulated the

Bou(t) = £Eun(t) - i (1) <f ' Vm(t)>2“r1 @) optical carrier. For anm-QAM modulator, the binary data

. " —~ (20+ 1)\ 2 Vi signal is split first, and then converted to multilevel and low-
where the sign befor;?_i(t) takes positive value fok = pass filtered. After that, t_he filtered _signal is used to modulate
41,43 45, .- and negative value fok = 0,42, 44, -. the .quadrature su_b—carrlers, and finally the quadrature sub-

P T . h . N carriers are combined. To demodulate #hheQAM signal at

For small modulating-signal amplitude, thatis, (£)/Vx < 1, the receiver, the input signal is first split and then multiplied by

EO“t(t).% £En(t) - 7/2 Vm(t)/vﬂ’ .the output optlc.al f|e_Id the recovered sub-carriers, low-pass filtered, and regenerated.
approximately changes linearly with the mOdmat'ng's'gn?—Jinally it is changed back to the binary form. An-PSK

e, e M posatoremocutato 1s simiar 1o an-QAM o
PP put op ®ridemodulator except that the in-phase signal and quadrature

and higher order terms in (2) also need to be considered. _. . !
! ) o - " signal are generated in such a way that the amplitude of the
When an MZ modulator is used in combination with g . . .
. X . cambined signal is constant [11].
semiconductor laser to produce the two optical carriers, as

suggested by us, it is more convenient to assume (Hat-

Vin(t)/ V) in (1) takes the form of14-¢)+a-cos(wt), wheree V. MODELING PLATFORM
and« are, respectively, normalized bias and drive levels. ThenTo facilitate the simulation of millimeter-wave fiber-radio
the output optical field from the MZ modulator will be systems, a modeling platform supporting the key components

_ ) 3 ) for such systems has been developed [12] using the signal
Bou(t) = Ein - cos(2rvot) COS{ 2 A+ +a COS(M)]} processing worksystem (SP¥\§oftware package. The models
(3) for the key components are either symbols and sub-systems
where 1, is the optical carrier frequency andl;, is the directly created in the block-diagram editor window by using

amplitude of the input optical field. Bessel-function expansidhe function blocks provided in the SPW library or custom
of the last term leads to coded blocks (CCB’s) created following the procedure shown

in the SPW user’s guide A CCB, which is coded in C, has

Eout(t) x x the advantage of calculating the output of the block in one
=FEin - {+J0 (a—) - cos|=(1+ e)} - cos(2mgt) simulation step, making the simulation of the whole system
- 27r 2 much easier. Models created include optical sources, an MZ
-1 (045) ’ Sin[§(1 + 6)} - cos(2mpt £ wt) modulator, optical filters, optical fiber, an erbium-doped fiber
7r 7r amplifier, a p-i-n receiver, a millimeter-wave receiver, etc.
+J2 (0‘5) " Cos [5(1 + 6)} - cos(2mvot £ 2wt) Auxiliary blocks such as different kinds of electrical filters, fast
7r L[ Fourier transform (FFT), inverse FFT (IFFT), vector-to-series
— (a_) ' Smb(l + e)} cos(2mpt £ 3wt - } and series-to-vector converters, etc. are provided in the SPW

(4) library. Using the modeling platform, different system config-
Equation (4) shows the optical spectral components at tHeations are easily constructed by combining key-component
output of thel MZ modulator for arbitrary bias gnd.drive levels. 2gignal processing Worksystem User's Guiddta Group of Cadence
For the special case when the MZ modulator is biased-ab, Design System, Inc., Sunnyvale, CA, 1994.
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TABLE | x107°
PARAMETERS USED IN THE SYSTEM SIMULATIONS

Frequency band of millimeter-wave = 30GHz
Laser emission wavelength = 1.55um
Modulating signal frequency (the 1st MZM) = 15GHz 0.7 ]

Normalized modulating signal amplitude (the 1st MZM) = %% 8P

Sub-carrier frequency of higher order modulation schemes
for single channel operation = 1.5GHz

o

o
T
L

Eye Opening (mA}

Signal bit rate = 800Mbit/s ear re-aam |
Baud rate for 8-PSK = 266.7Mbaud/s 03 1
Baud rate for 16-QAM = 200.0Mbaud/s oz 64-QAM :

Baud rate for 64-QAM = 133.3Mbaud/s
Fiber core diameter = 8.0pum

Fiber loss = 0.2dB/km % 0.1 0z 03 04 05 06 07 08 09 1
Fiber length = 20km Normalized Modulating Signal Amplitude

Fiber dispersion (3, = 2.17 x 10~ ®s.5/km Fig. 3. Received-signal eye opening for different modulation schemes
Sub-carrier frequencies of higher order modulation schemes against normalized modulating-signal amplitude (optical output power from
for multichannel operations the laser equals 1 mW).

fser,se2,c3 = 2.0, 2.1, 2.2 GHz (3 channels)
S se2,503,508,5c5 = 2.0, 2.1, 2.2, 2.3, 2.4 GHz (5 channels)
Signal baud rate for multichannel operation = 30Mbaud/s

models and auxiliary blocks. As the component models can
be either in time domain or in frequency domain, when theg .,
adjacent component blocks are in different domains, an FF'EWM
or IFFT block is used to perform the transfer from one domainrgmﬂ_
to the other. Simulation can be directly carried out from such® "~
constructed system models. System parameters can be changed [
just before or during the simulation, with simulation results o
being available in a variety of formats for post-processing.  **

o 0.1 0.2 0.3 0.4 05 0.6 0.7 08 0.9 1
Normalized Modulating Signal Amplitude

VI. RESULTS AND DISCUSSION
. . . . . . Fig. 4. Symbol-error rate for different modulation schemes for low optical
Simulations for the system configuration shown in Fig. @arrier power of 6xW.

have been carried out with results shown and discussed in this
section. Received-signal eye-opening and symbol-error rate are,
used to assess and compare system performances. Parameters
used for the simulations are listed in Table I. Since we are
dealing with a coherent system, the MZ modulator should be
viewed as modulating th&-field [8]. Unless mentioned again, &'
the MZ modulator is biased at the point of maximurrfield
linearity V.. We also assume the noise figure of the electricalg
system following the p-i-n to be 6 dB.

Symbol Error Rate

-

o
L
S

A. Non-Linearity Tolerance of Different Modulation Schemes

The nonlinearity tolerance of different modulation schemes _ _, . . ) .
will now be discussed. Fig. 3 shows the variation of received- — ° 995 Normalized Modulating Stana) Amplitude o2
signal eye qpenlng Wlth_ normalized modulating-signal amp}lgiﬁ. 5. Symbol-error rate for different modulation schemes for high optical
tude, for which an amplitude of 1 corresponds to a phase shifkrier power of 3q:W, plotted only for small signal amplitudes.
of = between the two arms of the second MZ modulator. The

optical output power from the laser is assumed to be 1 mW. We

see that for 8-PSK modulation, the eye opening monotonicaﬁpenlng for 64-QAM reaches its maximum value at a much

increases with the normalized modulating-signal amplitudg, <" modulating-signal amplitude than 16-QAM and, there-

but for 16-QAM and 64-QAM modulation the eye openin ore, as expected, greater impact of the nonlinearity of an MZ

increases first, as the signal power increases with the increadigglulator occurs for the 64-QAM modulation scheme.

drive, and then decreases due to the effect of the nonlinearitp?y adopting a Gaussian approximation, the symbol-error

of the MZ modulator. There exists an optimal drive levelate for the system can be calculated using the received-signal
for the MZ modulator for these two modulation schemeg§ye opening curves shown in Fig. 3. The calculated symbol-
Compared with the 16-QAM and 64-QAM modulation, 8-PSterror rates for different optical carrier powers are shown

modulation is more tolerant to the nonlinearity. Comparingn Figs. 4 and 5. The optical powers of the unmodulated

the 16-QAM and 64-QAM modulation, we see that the eyearrier at the photodiode are assumed to be 6 ang.\80
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Fig. 6. Received-signal eye openings for (a) 8-PSK, (b) 16-QAM, and (c) 64-QAM modulation, with and without bias-point shift against normalized
modulating-signal amplitude.

respectively, for Figs. 4 and 5. We see from Fig. 4 that when  xi0°
the optical carrier power is low (only for 8-PSK modulation) oe o carmor toakage |
the symbol-error rate of the system reduces monotonically with ~ — - -150B carrier leakage

the increase of the modulating-signal amplitude. For 16-QAM °°[ seemT
and 64-QAM modulation, the symbol-error rate decreases first *’[ - il
with the increase of the modulating-signal amplitude and ther%“' SRS - ]
starts to increase; therefore, for lower available optical carrierg® g | 16-qam ]
power, 8-PSK is the best of the three modulation schemegoe+r 2 -7 RN 1
for achieving low symbol-error rate by driving the second MZ o3 i
modulator with a high modulating-signal amplitude. However, o2} i ;. 64-QAM ]
when the optical carrier power is high, as shown in Fig. 5, ..} 7 T

the symbol-error rate can be reduced to a very low level for X . , . Toee

0 L L " . L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 a.8 0.9 1

all three modulation schemes by increasing the modulating- ° Normalized Modulating Signal Amplitude
signal amplitude. Comparing the required mocjumting'ggn%b. 7. Received-signal eye opening for different modulation schemes versus
amplitude, we see that for 64-QAM modulation a much high@brmalized modulating-signal amplitude considering the carrier leakage of the
modulating-signal amplitude is needed to achieve the saMe filter.
symbol-error rate than for 8-PSK and 16-QAM modulation.
For example, to achieve a symbol-error rate of ¥Owith carrier at the antenna whose level is adjusted by varying
30 W of optical carrier power, the normalized modulatingthe bias of the MZ modulator [8], assessment of system
signal amplitudes are 0.136, 0.138, and 0.252, respectivghgrformance for the case when the bias point of the MZ
for 8-PSK, 16-QAM, and 64-QAM modulation. modulator is not at/;. is also needed. Simulations of system
performance for various bias points for 8-PSK, 16-QAM, and
. ) ) 64-QAM modulation have been carried out and the results
B. Effects of a Shift of the Bias Point of an MZ Modulator 5.0 shown in Fig. 6. We note that with a shift in bias point
Since the effects of the nonlinearity of an MZ modulatothe eye opening considerably reduces for all three modulation
depend on the bias point of the MZ modulator and sonsehemes and the degradation does not linearly increase with
applications require a residual unmodulated millimeter-wavke shift in the bias point—the first/16 shift of the biasing
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Fig. 8. Received-signal eye opening for different modulation schemes versus normalized modulating-signal amplitude for multichannel aperation (
8-PSK, (b) 16-QAM, and (c) 64-QAM.

point degrades the system performance more than the secBndultichannel Operation

/16 shift. Itis also worth noting that the optimal normalized \itichannel operation has also been considered for such
modulating-signal amplitude reduces to a lower value fQUsiems. The subcarrier frequencies and signal baud rate used
16-QAM and 64-QAM modulation. For example, for 16-QAMi the simulations are shown in Table I. The simulation results
modulation, the optimal amplitude reduces from about 0.82 {g, e received-signal eye opening are shown in Fig. 8(a)—(c),

0.6 and 0.53, respectively, for &/16 and ar/8 bias-point ognectively, for 8-PSK, 16-QAM, and 64-QAM. We see that
shift. For 64-QAM modulation, the optimal amplitude reduceg, 'mytichannel operation, the effect of nonlinearity of an

from about 0.6 to 0.40 and 0.36, respectively, for the samMg; modulator is much more severe than for signal-channel

bias-point shifts. operation, and only very low modulating-signal amplitude can
be used to drive the MZ modulator; an optimal normalized

C. Effects of Carrier Leakage at the MZ Filter modulating-signal amplitude now exists for 8-P$K as well,
and the values for three- and five-channel operation are 0.385

Since leakage exists at the nonideal MZ filter used fgq 0.31, respectively; for 16-QAM and 64-QAM, the optimal

separating the two optical carriers before the second Mgive level of the MZ modulator significantly reduces, i.e., for

modulator (as shown in Fig. 2), part of the optical carriergs.QAM the optimal normalized modulating-signal amplitude
will appear at the wrong output port. This optical carriefeduces from 0.81 to 0.38 and 0.30, respectively, for three-

leakage will affect the received-signal eye opening and changgy five-channel operation, and for 64-QAM the optimal
the optimal normalized modulating-signal amplitude as welormalized modulating-signal amplitude reduces from 0.57

System simulations have been carried out considering this 0.35 and 0.23, respectively, for three- and five-channel
leakage. For those simulations, the power level of the leakggeration.

signal is assumed to be 15 dB below the optical carrier

power level. The results are illustrated in Fig. 7. We see that ] )

the effect on 8-PSK is relatively small. But the effects ofr- Bandwidth Requirement

16-QAM and 64-QAM are much greater, especially at the high Another important aspect which needs to be considered
modulating-signal amplitude region. The optimal normalized the bandwidth requirement of the alternative modulation
modulating-signal amplitude also reduces from 0.81 to 0.Bthemes. For a bit rate of 800 Mbytes/s the baud rates for
for 16-QAM and from 0.57 to 0.44 for 64-QAM. 8-PSK, 16-QAM, and 64-QAM modulation are 266.7 MBd/s,
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200 MBd/s, and 133.3 MBd/s, respectively. Therefore, 642] J. L. Langston, “Multipoint  a millimeter wave system for quick access
QAM modulation requires the least bandwidth, followed by ‘Soyéh; I'Df}g)'é“ait'?:f:aﬁggighgj\wizgz '1%';5 ";"pTTl'gg;mig’\é'gmwave
16-QAM modulation and 8-PSK modulation. From all the[s; w. Maggi and P. Polese, “Integrated broad-band communications de-
results shown above, we see that the performance of such velopment and implementation strategielFE J. Electron. Commun.
; ; Eng, vol. 5, no. 5, pp. 315-320, Oct. 1993.

syst_ems depends on many factors SL_jCh a_s the avall_able opt IA. Czylwik, “Optical transmission systems for the connection between
carrier power, the available modulating-signal amplitude, the " central office and base stations in cellular radio systemsEtropean
bias-point shift, single or multichannel operation, leakage of Conf. Networks Opt. Commun. Dig, Heidelberg, Germany, June 1996,

; ; - ; ; pp. 279-286.
optical carrier at the MZ filter, ar!d the bandwidth constramt.[s] 33 OReily, P. M. Lane, M. H. Capstick, H. M. Salgado,
All these factors should be considered together. R. Heidemann, R. Hofstetter, and H. Schmuck, “RACE R2005:

Microwave optical duplex antenna linkProc. Inst. Elect. Eng.yol.
140, pt. J, no. 6, pp. 385-391, Dec. 1993.
VIl. SUMMARY AND CONCLUSIONS [6] R. Hofstetter, H. Schmuck, and R. Heidemann, “Dispersion effects
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; i . thar-radi 43, pp. 2263-2269, Sept. 1995.
ulation sghemes for millimeter wave flbgr radlo. systems hf';\ | D, 'Wake. C. R. Lima and P. A Davies, “Optical generation of
been carried out. Through system simulations using a modeling miliimeter-wave signals for fiber-radio systems using a dual-mode DFB
platform developed by us, we find that of the three modulation semiconductor laser,/EEE Trans. Microwave Theory Techvol. 43,
schemes 8-PSK, 16-QAM, and 64-QAM, with low available ,, PP;2270-2296, Sept. 1995. . . . .

. ! v ! . . 8] J. J. O'Reilly and P. M. Lane, “Remote delivery of video services using
optical power at the photodiode, 8-PSK modulation is more = mm-wave and optics,J. Lightwave Techngl.vol. 12, pp. 369-375,
robust to the nonlinearity of an MZ modulator compared to[9] Eeb\',lgg4i( c o N Ol K Orlowskv. R Kazari

. . Verbeek, C. Henry, N. sson, K. Orlowsky, R. Kazarinov,
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QAM, there exists an optimal drive level for the MZ modulator ~ multi/demultiplexer fabricated with phosphorous doped sSiO
for the best overall system performance. For a higher optical ‘Svavegluéggs on Si"J. Lightwave Techngl.vol. 6, pp. 1011-1015,

une .
power, thoth' the S_ymb0|'error rate.can .be reduceq toav J. J. O'Reilly, P. M. Lane, R. Heidemann, and R. Hofstetter, “Optical
low level by increasing the modulating-signal amplitude for  generation of very narrow linewidth millimeter wave signaElgctron.
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all three m.OdUIatl.on schemes, much hlgher mOdU|atmg s19 1] D. R. Smith, Digital Transmission System&nd ed. New York: Van
amplitude is required for 64-QAM to reach the same symbol-"" Nostrand, 1993.
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modulator has also been considered. It is shown that the eye
opening can be significantly reduced for all three modulation
schemes; the degradation does not increase linearly with the
shift in the bias point. A leakage of optical carrier to the wron
port at the MZ filter further degrades system performanc
especially for 16-QAM and 64-QAM. We have also studie
the cases of multichannel operation. It is shown that the effe
of nonlinearity of the MZ modulator is much severer fo
multichannel operation than for single-channel operation a
an optimal normalized modulating-signal amplitude starts en / Sci
exist for 8-PSK as well. Finally, if we consider the efficien 2392'9;1? ﬁgf?&“ggagogz;se';%ﬂ Sf?iiir t\?vitﬁ]“t”hee
use of transmission bandwidth, 64-QAM modulation requir@shool of Electronic Enginéering and Computer Systems, University of
the least bandwidt ollowe 16-OAM modulation andVales—Bangor, U.K. Since July 1994, he has been employed as a Research

_ : _ : ow in the Department of Electronic and Electrical Engineering, University
8 PS,K modulation. All the aboye mem'oned_ factc_)rs must ollege London, London, U.K. He has published over 40 technical papers.
considered together to determine the nonlinearity tolerangg main research interests include millimeter-wave fiber-radio systems,

n m ion m r millim r-wave fi ird-generation mobile-communication systems, computer simulation of com-
and the best modulation schemes fo eter-wave fibdl

radio system. The results presented, and the modeling platfd;‘w”'g:gggssiﬁs}%grs'c ;ﬁi:u?]%rg{?oiangémznd optical amplifiers and their
we developed, should provide a basis for system designersy. zhang is an associate member of the Institute of Electrical Engineers
to assess the system performance of millimeter-wave fib&EE) (UK).

radio systems with different modulation schemes and allow

the optimization of the performance of such systems.
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